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ABSTRACT Attachment of dissimilar materials is a major challenge because high levels of localized stress may develop at their
interfaces. An effective biologic solution to this problem exists at one of nature’s most extreme interfaces: the attachment of
tendon (a compliant, structural ‘‘soft tissue’’) to bone (a stiff, structural ‘‘hard tissue’’). The goal of our study was to develop biome-
chanical models to describe how the tendon-to-bone insertion derives its mechanical properties. We examined the tendon-to-
bone insertion and found two factors that give the tendon-to-bone transition a unique grading in mechanical properties: 1),
a gradation in mineral concentration, measured by Raman spectroscopy; and 2), a gradation in collagen ﬁber orientation,
measured by polarized light microscopy. Our measurements motivate a new physiological picture of the tissue that achieves
this transition, the tendon-to-bone insertion, as a continuous, functionally graded material. Our biomechanical model suggests
that the experimentally observed increase in mineral accumulation within collagen ﬁbers can provide signiﬁcant stiffening of
the partially mineralized ﬁbers, but only for concentrations of mineral above a ‘‘percolation threshold’’ corresponding to formation
of a mechanically continuous mineral network within each collagen ﬁber (e.g., the case of mineral connectivity extending from
one end of the ﬁber to the other). Increasing dispersion in the orientation distribution of collagen ﬁbers from tendon to bone is
a second major determinant of tissue stiffness. The combination of these two factors may explain the nonmonotonic variation
of stiffness over the length of the tendon-to-bone insertion reported previously. Our models explain how tendon-to-bone attach-
ment is achieved through a functionally graded material composition, and provide targets for tissue engineered surgical interven-
tions and biomimetic material interfaces.INTRODUCTION
The tendon-to-bone insertion connects two vastly different,
highly ordered hierarchical tissues across a millimeter-wide
region (Fig. 1) (1,2). Tensile modulus of tendon is ~0.4 GPa
in the direction of muscle force during physiologic loading
conditions (3), and ~20GPa for bone (1). Structural interfaces
with such severe material mismatches are prone to stress
concentrations and failure (4). Tendon-to-bone insertion
physiology is believed to result in a tougher interface through
adaptations at the macroscopic level (e.g., the outward splay
of the tissue) and the microscopic level (e.g., tissue composi-
tion and structure) (5,6). Our long-term goal is to develop
a biomimetic strategy for attaching dissimilar materials using
the tendon-to-bone insertion as a model biological system.
This study contributes what we believe are new biomechan-
ical models of how the tendon-to-bone insertion derives its
mechanical properties.
The traditional understanding of the tendon-to-bone inser-
tion involves four discrete zones (5). Zone one, tendon,
contains 90% by volume of well-aligned collagen fibers,
predominantly type I, with small amounts of the proteoglycan
decorin and the remaining volume primarily water (2,7).
Tendon structure is hierarchical from the molecular- to the
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0006-3495/09/08/0976/10 $2.00tissue-level. Triple-helix collagen molecules (tertiary struc-
ture, 1.5 nm diameter) aggregate in groups of five in a
quarter-stagger array to form microfibrils (quaternary struc-
ture, 4 nm diameter) (8,9). Microfibrils aggregate in an
approximately triclinic lattice to form fibrils (up to 0.5 mm
in diameter) (10); fibrils aggregate to form fibers (3–7 mm in
diameter); fibers aggregate to form fascicles (150–300 mm
in diameter); fascicles combine to form tendon (millimeters
in diameter). Zone two, fibrocartilage, contains collagen types
II and III, with small amounts of types I, IX, and X and of the
proteoglycans aggrecan and decorin (6,7,11,12). Zone three,
mineralized fibrocartilage, is demarcated by the ‘‘tidemark,’’
interpreted by others as a mineralization front and a boundary
between soft and hard tissue (5). Mineralized fibrocartilage
contains type II collagen, with significant amounts of type
X collagen and aggrecan (6,7,11,12). Zone four, bone,
contains ~40% by volume type I collagen following the hier-
archical structure of tendon and contains ~50% by volume of
a stiff, carbonated apatite mineral (apatite). Apatite is situated
predominantly within fibrils in ~1–4 nm thick crystalline
mineral platelets in gaps at the ends of collagen molecules;
debate exists about the existence of mineralization outside
of these gaps (13,14). Mechanically, zones two and three
are approximately half as stiff as tendon (zone one); bone
(zone 4) is nearly two orders of magnitude stiffer than tendon
(6,15,16). The structural features responsible for this
doi: 10.1016/j.bpj.2009.05.043
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that is more compliant than either tendon or bone are
unknown.
Traditionally, the attachment of tendon to bone has been
described as occurring across distinct zones. This design
(i.e., a four zone attachment) is fundamentally different
from engineering design strategies for attachment of two
dissimilar engineering materials. An abrupt transition bet-
ween tendon and bone, as implied by the four-zone descrip-
tion, would lead to stress concentrations between zones and
increased risk of failure at the interfaces. This challenge has
led to the concept of ‘‘functional grading’’ (i.e., the gradual
variation in composition and structure over a volume result-
ing in changes in the mechanical properties of the material)
to alleviate stress concentrations (17). Whereas functional
grading can occur at any length scale, it is typically incorpo-
rated into materials at the microscale. Based on this concept
we hypothesized that, at the tissue hierarchical level, the
tendon-to-bone insertion is a continuous, functionally graded
material with respect to its mineral concentration, collagen
fiber orientation distribution, and biomechanical properties.
Our goal in this study is to define composition-structure-
function relationships at the tendon-to-bone insertion.
Specifically, we determined the spatial variations in mineral
concentration and collagen fiber orientation in tendon-to-
bone tissue samples. We then combined these experimental
observations with observations reported elsewhere (6) to
generate new tissue-level biomechanical models of the
tendon-to-bone insertion.
FIGURE 1 Tendon-to-bone insertion connects two very different, hierar-
chical tissues. A schematic of the collagen fibers is shown above a cross-
sectional view of the tendon-to-bone insertion. Collagen fiber dispersion
increases from tendon to bone. Blue shading in the schematic views indi-
cates the concentration of mineral within each fiber. The schematic is repre-
sentative of the diffuse model shown in Fig. 2 b.MATERIALS AND METHODS
Study design
We used Raman spectroscopy to measure mineral content and polarized
light microscopy to measure collagen fiber orientations along the tendon-
to-bone insertion. These fiber-level (microscale) data supported a newmodel
of the tendon-to-bone insertion that replaces the picture of four discrete
zones with one of continuous functional grading, prompting us to charac-
terize the structure-function relationships predicted by our data. As our
Raman spectroscopy data indicated a spatial variation in the degree of miner-
alization, and as the degree of mineralization is known to affect cross-species
variations in bone biomechanics (18,19), we quantified the ramifications of
observed gradations in mineral volume fraction on tendon-to-bone insertion
biomechanics. We then used our polarized light microscopy data and data
from the literature to develop a mathematical model of structure-function
relationships in the tendon-to-bone insertion by linking the fiber hierarchical
level to the tissue hierarchical level.
Mathematical models
Relationship between mineral volume fraction
and ﬁber mechanics
The first step in the modeling effort was characterizing the effect of observed
gradations in mineral volume fraction on the effective stiffness tensor,
C(f)(f), of a representative volume (‘‘unit cell’’) containing one partially
mineralized fiber (Fig. 2 a). Mineral concentration was represented by the
normalized mineral volume fraction, f(x), defined as the ratio of the mineral
volume fraction fmineral(x) at a normalized position x to the volume fraction
of mineral in the typical bone, f bonemineral ¼ 0.49 (14): f(x) ¼ fmineral(x)/f bonemineral.
The normalized position, x, along the centerline of the tendon-to-bone inser-
tion, was defined with x¼ 0 at the end of the tendon (f¼ 0) and x¼ 1 at the
start of the bone (f ¼ 1).
Because our experimental measures were on the micrometer scale and
because the details of the spatial accommodation between collagen and
mineral at smaller length scales are still under investigation (14,20), we relied
on bounds and plausible estimates within these bounds at this stage in the
modeling. Specifically, we used the Hashin-Shtrikman homogenization
bounds (21,22) to estimate limits on the stiffening effect of mineralization
(Supporting Material, Section A), and we used three models to estimate the
stiffening effects of the following submicrometer physiological features:
the presence of preferential mineral nucleation sites in pockets of fibrils,
the size and shape of the resulting enhanced mineralization regions, and the
interconnectedness of such regions. Although these physiological details
are unknown for partially mineralized fibers, stochastic variations in the
spatial distributions of proteins that enhance apatite crystal nucleation should
lead to pockets of stiffer (more mineralized) fibrils within partially mineral-
ized fibers (23,24). Such heterogeneity in mineral distribution would be
on the tens to thousands of nanometer scale, mostly below the resolution of
the Raman microprobe. The three model mineral distributions described in
the following paragraphs represent plausible, limiting cases (Fig. 2, b and c).
The first was a ‘‘diffuse’’ model, the Hashin-Shtrikman lower bound rep-
resenting the extreme in which mineral accumulates uniformly at the
micrometer length scale of interest (25); for example, according to this
model, all fibers at a point in the tendon-to-bone insertion where f ¼ 0.5
contained half of the mineral of fibers in bone. The Hashin-Shtrikman lower
bound corresponds to the case in which mineral accumulates in randomly
sized, noncontacting spheres that are infinitesimally small compared to the
radius and length of the fiber (26).
The second (‘‘equiaxial’’) model incorporated effects of nonuniform
mineral accumulation. Fibers (radius R ¼ 3.5 mm, length L ¼ 70 mm;
e.g., Raub et al. (27)) passing through the midpoint of the tendon-to-bone
insertion contained an average of exactly half the mineral that would appear
in an identical fiber in bone, but this mineral was distributed unevenly
along fibers. All material within fibers was modeled as linearly elastic andBiophysical Journal 97(4) 976–985
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FIGURE 2 (a) Properties of mineralized and nonmineralized collagen at the nanoscale were incorporated with experimental measures of mineral content and
collagen orientation to model the tendon-to-bone insertion at the microscale. (b) Three fiber-level models of mineral accumulation were studied. (c) Details for
finite element model (i and ii) for Monte Carlo simulations to estimate the stiffness of partially mineralized fibers, and boundary conditions applied in extension
(iii) and shear (iv).isotropic; justification of this approximation is presented in the Supporting
Material (Section B). Mineralized portions were prescribed mechanical
properties representative of mineralized collagen fibers (isotropic, Young’s
modulus Emc ¼ 30 GPa, Poisson’s ratio nmc ¼ 0.3, where mc ¼ mineralized
collagen; see Discussion for justification of these values). The remaining,
unmineralized regions were prescribed mechanical properties representative
of unmineralized collagen (Young’s modulus Ec¼ 0.45 GPa, Poisson’s ratio
nc ¼ 0.3, where c ¼ collagen; see Discussion for justification of these
values). Randomly distributed, wedge-shaped clusters of mineralized
collagen were distributed among pure (unmineralized) collagen. Clusters
were assigned dimensions such that the exposure on the outer fiber surface
was 3.5 mm  3.67 mm (Fig. 2 b). The enhanced light-scattering caused by
the fine-scale multiple interfaces of the tissue degraded the spatial resolution
of the Raman microprobe sufficiently that we could not distinguish between
the diffuse and the equiaxial models of mineral distribution. Clusters were
permitted to adhere to neighboring clusters but not to overlap.
The third model (‘‘elongated’’) was identical to the second model except
that regions of enhanced mineralization were elongated along the fiber axis
(3.5 mm  1.83 mm on the outer edge of the fiber, Fig. 2 b).
The effective stiffness tensors, C(f), of fibers containing the equiaxed or
elongated regions of enhanced mineralization were estimated as a function
of f through Monte Carlo simulations. Repeated finite element simulations
assessed how nonuniform distribution of mineral affects the axial modulus,
Ea, and the axial-transverse shear modulus, Gat, of partially mineralized
Biophysical Journal 97(4) 976–985fibers. The remaining three constants required to assemble an effective stiff-
ness tensor were estimated by assuming: i), unit cells containing fibers were
isotropic in their transverse planes (28); ii), the modulus for stretching in the
plane of transverse isotropy was Et ¼ 0.175 Ea; iii), the Poisson’s ratio for
lateral contraction within the plane of transverse isotropy resulting from
uniaxial loading in this plane was ntt¼ 0.3; iv), the Poisson’s ratio for lateral
contraction resulting from uniaxial loading along a fiber axis was nat ¼ 0.3;
and v), the stiffness tensor for a unit cell containing a single fiber was propor-
tional to the stiffness of a fiber, with the constant of proportionality being the
combined volume fraction of mineral and collagen, ftotal, at each point; for
example, the shear modulus of such a unit cell was ftotalGat. Standard defini-
tions were then applied to calculate the transversely isotropic stiffness tensor
C(f) from these engineering constants (26). Our assumptions were deemed
reasonable because, when combined with the methods of the next section,
they yielded estimates of tissue-level moduli that are consistent with data
from the literature (29,30).
Boundary conditions for the repeated finite element simulations approxi-
mated extension and shear of fibers. In extension, the lower fiber surface was
restrained from displacement in the axial (z) direction, whereas points on the
upper surface were displaced a prescribed distance uz in the z direction and
allowed to move freely in the transverse plane (Fig. 2, c, iii). The remaining
surfaces and directions were free of mechanical loads (traction-free
boundary conditions). In shear, the lower surface was additionally restrained
from displacement in the x direction, and the upper surface was displaced
Functional Grading at the Insertion 979a prescribed distance ux in the x direction, constrained from displacement in
the z direction, and left free to displace in the y direction (Fig. 2 c, iv).
Equations were solved using commercial finite element software (Comsol,
Newton, MA). Fibers were discretized into a minimum of 20,000 3D,
quadratic-interpolation, tetrahedral elements (Fig. 2 c), and h-type conver-
gence studies were carried out (4). Over 250 simulationswith randommineral
volume fractions were analyzed for each of the two clustering schemes (elon-
gated and equiaxial) to estimate axial and shearmoduli of a unit cell enclosing
a partially mineralized fiber. The axial modulus, Ea, was calculated from the
force F needed to displace the upper surface of the fiber by uz: Ea ¼ (FL)/
(pR2uz); the shear modulus, Gat, was calculated from the force F needed to
displace the upper surface of the fiber by ux: Gat ¼ (FL)/(pR2ux).
The solutions to the first (diffuse) model actually coincide with the Hashin-
Shtrikman (31) lower bound (equations listed in the Supporting Material,
Section A), which provided an estimate for the degree to which mineraliza-
tion increased Ea. The shear modulus Gat was estimated from Ea through
the linear elasticity solution for a laterally displaced beam (4): Gat ¼ 3bEa
(R/L)2, where (R/L) ¼ 1:20 was the aspect ratio for fibers in the simulations,
and b is a function of Poisson’s ratios (b¼ 1.07 for an isotropic material with
n ¼ 0.3). The remainder of the stiffness tensor was calculated as above. This
procedure was also followed for the Hashin-Shtrikman upper bound.
Linking ﬁber mechanics to tissue mechanics through
the volume fraction and ﬁber orientation distribution
Mechanical properties of individual mineralized collagen fibers were related
to tissue mechanics by averaging over the measured fiber orientation at each
point in the insertion (Fig. 2 a). C(f)(f) varied as a function of normalized
mineral volume fraction, f(x), so that the relationship between the strain
3(f) and stress s(f)(f,3(f)) in a unit cell containing each fiber was:
sðfÞ

f; 3ðfÞ
 ¼ CðfÞðfÞ3ðfÞ: (1)
The total stress s at a normalized position x in the tendon-to-bone insertion
is the sum of the stresses in all fibers crossing that point, calculated by aver-
aging over the fiber orientation distribution and weighting by the combined
volume fraction ftotal of collagen and mineral. Averaging over the unit
sphere, U:
sðxÞ ¼ R
U
ftotalðxÞðRðnÞÞT

sðfÞ

fðxÞ; 3ðfÞðnÞ
RðnÞpðn; sðxÞÞdUðnÞ
¼ ftotalðxÞ
R
U
ðRðnÞÞTCðfÞðfðxÞÞ3ðfÞðnÞ
RðnÞpðn; sðxÞÞdUðnÞ;
(2)
where p(n) is the probability density for finding a fiberwhose axis is parallel to
the unit vector n, 3(f)(n) is the matrix of components of the strain tensor
resolved with the n direction along the axis of material symmetry in such
a fiber, R transforms a vector from this coordinate system to the global coor-
dinate system, and n includes all directions over the unit sphere U (e.g., Mar-
quez et al. (32)). The distribution p(n,s(x)) was axisymmetric and spherical, fit
to themeasured angular deviation of thefiber distribution, s (radians). Ifj is an
angle relative to themeanfiber direction at a point, andp/2%j%p/2 (28),
pðj; sÞ ¼ exp
j2=2s2ﬃﬃﬃﬃﬃﬃ
2p
p
sexps2=2
: (3)
Applying the assumption of affine deformation, the local strain field 3(f) in
eachfiber equals themacroscopic tissue strain 3(x), andEq. 2 can be rewritten:
sðxÞ¼

ftotalðxÞ
Z
U
ðRðnÞÞTCðfÞðfðxÞÞRðnÞpðn; sðxÞÞdUðnÞ

 3ðfÞðxÞhCtissueðxÞ3ðfÞðxÞ;
(4)
where C(tissue)(x) is the effective stiffness tensor of the tissue at position x.Moduli of collagen within tendon fibers and of mineralized collagen
within bone fibers were estimated by backing out Ea using Eqs. 3 and 4
and data from the literature. For a tendon with angular deviation s ¼ 2,
Emax ¼ 0.4 GPa, Emin¼ 0.15 Emax, and f ¼ 0.9 (29,30), this procedure
predicts an effective modulus of collagen within collagen fibers of Ec ¼
450 MPa. For bone (s¼ 7.1, E¼ 20 GPa, f¼ 0.87), this yields an isotropic
modulus of mineralized collagen of Emc ¼ 30 GPa. The estimated Poisson’s
ratio mismatch between collagen and mineralized collagen was small and
therefore neglected, with both materials assigned a Poisson’s ratio of 0.3.
Experimental characterizations
Mineral concentration across the tendon-to-bone
insertion site
We examined apatite mineral content using confocal Raman microprobe
spectroscopy (RMS) as described previously (33). For sample preparation,
the supraspinatus tendon-to-bone insertion sites of normal Fisher rat shoul-
ders (N ¼ 7) were dissected and sliced into 1–2 mm sections in the coronal
plane using an Isomet low speed saw at 130 rpm. We used the rat supraspi-
natus tendon due to its relevance to the human shoulder (34). This tendon
is a part of the rotator cuff, a structure that has significant clinical relevance
due to its high incidence of injury and limited ability to heal (35). All animal
procedures were in compliance with the Animal Studies Committee regula-
tions at Washington University School of Medicine.
Individual RMS analyses (beam diameter, 1–2 mm) were made across the
insertion site on the unfixed samples on glass slides within 48 h of thawing
(rats were fresh frozen immediately after sacrifice). Linear distances between
scan points were recorded via photo documentation. Samplesweremoistened
only with phosphate buffered saline. Analysis was carried out with a fiber-
optically coupled Raman microprobe based on an axial spectrograph with
volume holographic transmission gratings (HoloLab Series 5000 Raman
Microscope,KaiserOptical Systems,AnnArbor,MI). The 532-nm excitation
was delivered by a frequency-doubled diode-pumped solid-state Nd-YAG
laser (Coherent, Santa Clara, CA) that was coupled to a Leica microscope
(Wetzlar, Germany) via an 8-mm, single-mode, optical fiber. An 80 ultra-
long-working-distance objective (Olympus, Tokyo, Japan) with a numerical
aperture of 0.75 and a working distance of 8 mm was used to focus the light
onto the samplewith a lateral resolution of ~1mmand a power of ~5mWat the
sample surface.
An individual Raman spectrum was collected for each data point in a
traverse orthogonal to the bone surface across the insertion site; each data
point consisted of the averaged sum of 32 acquisitions at 4 s. GRAMS 32
commercial software (Galactic Industries, Salem, NH) was used to decon-
volve complex spectral peaks and compare spectra from different points
on a sample or among different samples. The output of the GRAMS 32 de-
convolution program is a list of bands with their associated positions,
widths, and areas. The ratios of the band areas within a given spectrum
are a measure of the relative concentrations of those components; specifi-
cally, the ratio of the area of the symmetric P-O stretching band of apatite
at 960 Dcm1 to the area of the C-H stretching bands at 2940 Dcm1
(one of the many bands for the organic component collagen) indicates the
relative concentration of mineral. Changes in the ratio of apatite to collagen
monitored and calculated for individual micrometer-sized spots across
several tendon-to-bone insertion sites.
Angular orientation distribution of collagen ﬁbers
Supraspinatus tendon-to-bone insertions from Fisher rats (N ¼ 5) were
processed for standard histology (paraffin embedded), sectioned in the trans-
verse plane, and stained with a 0.1% Picrosirius Red. Collagen fiber orien-
tation distributions were measured at the bone end of the tendon-to-bone
insertion, within the ‘‘Level 4’’ patterning of fibers, just below the organiza-
tional level of osteons (36). A polarized light method for quantitative
collagen orientation analysis was used to quantify collagen fiber orientation
(6). Tissue sections were analyzed using a polarized light microscope
(Olympus BX51P) and a digital microscope camera (Olympus DP70). TheBiophysical Journal 97(4) 976–985
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tion) and analyzer (North-South position). Images were captured at section
orientations from 0 to 180 in 5 increments. A compensator (l/4 wave
plate) was then engaged in a diagonal position (NW–SE) and additional
images were recorded at section orientations from 0 to 180 in 5 incre-
ments. Software designed with MATLAB (The MathWorks, Natick, MA)
was used to determine the angle of extinction, q, by locating the angle asso-
ciated with the minimum light intensity at grid points on each image. To
determine whether the collagen orientation was at q or q5 90 (i.e., aligned
with the analyzer or the polarizer), the color hue was examined at q5 45
using images taken with the compensator in place. The angular deviation of
the collagen orientations for all grid points was then calculated to describe
the orientation distribution of the collagen fibers (37).
RESULTS
The tendon-to-bone insertion is a continuous
tissue
Our data show a continuous, approximately linear (R2 ¼ 0.8)
increase in the integrated intensity of the 960 Dcm1 band
(characteristic of the phosphate in the apatite mineral) relative
to that of the2940D cm1 band (characteristic of theC-Hstretch
from the collagen and other organic components) (Fig. 3). No
abrupt change in mineralization was observed at the approxi-
mate location of the tidemark. These observations reveal
a new functional definition and model of the tendon-to-bone
insertion as the region of tissue in which mineral accumulates
in fibers, extending between bone (f ¼ fmineral=f bonemineral ¼ 1:0)
and tendon f ¼ fmineral=f bonemineral ¼ 0). Our data suggest an
approximately linear increase in mineral volume fraction
between tendon (x ¼ 0) and bone (x ¼ 1):
fðxÞzx: (5)
Mineral content contributes strongly to collagen
ﬁber stiffness above a critical volume fraction
The diffuse model, approximated the Hashin-Shtrikman
lower bound representing the extreme in which mineral
FIGURE 3 Relative concentration of mineral (i.e., apatite) estimated from
RMS measurements, displayed as the ratio of the areas of the 960 Dcm1
PO4 peak to the 2940Dcm
1 collagen peak, across the tendon-to-bone inser-
tion. Approximate regions of tendon and bone are indicated.Biophysical Journal 97(4) 976–985accumulates with strict spatial uniformity (25). Because, in
this model, a lack of connectivity exists until very high
degrees of mineralization, this model predicted that 90%
of the stiffening due to mineralization occurred over the
final 10–20% of the tendon-to-bone insertion (Fig. 4). The
second, equiaxial model, incorporated effects of nonuniform
mineral accumulation. As with many other composite sys-
tems (21), including biological systems (32), the stiffening
effect of mineral increased dramatically at the percolation
threshold, where the concentration of mineral became suffi-
ciently high that a mechanically continuous network of
mineralized collagen forms (f z 0.5, Fig. 4, blue (right)
arrow). The third, elongated model was identical to the
second except that regions of enhanced mineralization
were elongated along the fiber axis. The degree of minerali-
zation corresponding to the percolation threshold was lower
a
b
FIGURE 4 Bounds and estimates for the axial elastic modulus (E) and
axial-transverse shear modulus (G) of a partially mineralized fiber. Mineral
stiffens fibers dramatically at volume fraction above the percolation
threshold (f z 0.5), indicated by the arrows. Percolation occurs at lower
volume fraction for regions of enhanced mineralization elongated parallel
to the fiber axis.
Functional Grading at the Insertion 981for elongated regions of enhanced mineralization than for
equiaxed regions (Fig. 4, red (left) versus blue (right) arrow).
Angular dispersion of collagen ﬁbers occurs
across the tendon-to-bone insertion
If mineral stiffens the collagen fibers monotonically along the
tendon-to-bone insertion site, why is fibrocartilage less stiff
than tendon? The answer lies partly in the distribution of fiber
orientations. We presented microscopic data previously
showing that angular deviation, s, increases from tendon to
bone (6,28). We now add observations of the angular devia-
tion of the orientation distribution in bone at the single osteon
level, relevant to the level of collagen fibers. Although
compact bone exhibits on average a nearly isotropic orienta-
tion distribution of collagen fibers at the macro- (millimeter-)
scale, our new observations show that, at the relevant
micrometer-scale, local bundles of collagen fibers exhibit
a degree of alignment; this is the Level 4 patterning of fibers,
just below the organizational level of osteons (36). We re-
ported that angular deviation values for the rotator cuff
tendon-to-bone insertion site in rats reached a peak (i.e.,
fibers were least aligned) just before the tidemark (28), and
we now observe that the fiber orientation distribution changes
little beyond this point (Fig. 5 a). Collagen fibers in both bone
and the tendon-to-bone insertion are far less aligned than
those in tendon.
Reduced ﬁber alignment along the tendon-to-bone
insertion reduces tissue stiffness
We assessed how the experimentally measured collagen fiber
orientation distribution (Fig. 5 a) affects tissue mechanics
by considering spatial variations in the elastic modulus of a
hypothetical unmineralized tendon-to-bone insertion. This
hypothetical tendon-to-bone insertion contained a uniform
volume fraction of collagen fibers with a spherical orienta-
tion distribution (Eq. 3) of measured angular deviation, s,
but with no mineral. The elastic modulus of this hypothetical
unmineralized tendon-to-bone insertion dropped precipi-
tously a few percent of the way along the insertion (s z
2.5), as the angular deviation, and hence the fraction of
rope-like fibers that deflect predominantly in bending rather
than in stretching, increased (Fig. 5 b; a quantitative model
of this is included in the Supporting Material, Section C).
The combination of reduced ﬁber alignment
and increasing mineral content explains
the nonmonotonic variation in tissue stiffness
observed along the insertion
Thomopoulos et al. (6) observed that the tangent modulus of
some tissue in the supraspinatus tendon-to-bone insertion is
more compliant than that of either tendon or bone. Similar
results have been reported for patellar-tendon-to-bone and
meniscus-to-bone insertions (15,16). The two experimen-
tally measured components (collagen fiber orientation andmineral concentration) were combined by integrating a 3D
generalization of the fiber’s mechanical properties, adjusted
to incorporate the linear spatial variation in mineral accumu-
lation, over the measured spherical orientation distribution.
The combination of these two factors led to values concor-
dant with experimentally reported decrease and then increase
in stiffness of tissue along the tendon-to-bone insertion
(Fig. 6). Nonuniformity in the accumulation of mineral
reduced the region over which tissue modulus dropped
below that of the tendon, and elongation of mineralized
regions along fiber axes enhanced this effect.
DISCUSSION
Effective attachment of tendon to bone is a remarkable engi-
neering achievement. The tendon-to-bone insertion transfers
a
b
FIGURE 5 (a) Alignment of collagen fibers is greatest (angular deviation
is lowest) in tendon, and angular deviation is highest in the tendon-to-bone
insertion. (b) The spatially varying elastic modulus of a hypothetical tendon-
to-bone insertion containing no mineral. The decreasing fiber alignment
leads to a rapid drop in tissue stiffness in the first few percent of the
tendon-to-bone insertion.
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of magnitude stiffness mismatch and with a large difference
in material organization. Analysis and modeling using our
experimental data motivate what we believe is a new
tissue-level understanding of the tendon-to-bone insertion
and of the organizational and material strategies that endow
the tissue with its specific mechanical properties. These
structure-function relationships serve as a target for our
current efforts to develop strategies for improved surgical
repair of the tendon-to-bone insertions, and for our efforts
to apply biomimetic design principles to synthetic material
interfaces.
Our experimental and modeling results support our
hypothesis that the tendon-to-bone insertion is a continuous,
functionally graded material with respect to its mineral
concentration, collagen fiber alignment, and biomechanical
properties, but do not support the traditional understanding
of four discrete zones (5). The tidemark between the unmin-
eralized (zone 2) and mineralized fibrocartilage (zone 3) was
traditionally thought to represent a boundary between soft
and hard tissue (5), but our Raman analyses show that the
tidemark does not represent a discontinuity in the tissue’s
mineral content. Rather, mineral content increases linearly
over the tendon-to-bone insertion, consistent with analogous
changes in the organic components (6). The tidemark may
simply represent a threshold of mineral at which the tissue
picks up stain. However, it remains unclear what its physical
meaning is.
The gradation likely serves to improve stress transfer. In
several engineering applications, the absence of functional
grading of material properties reduces toughness of interfaces
(38). Absence of functional grading after natural healing and
surgical repair may similarly account for the subsequent
susceptibility to re-injury. After tendon-to-bone healing, the
transitional tissue is absent (39), and the resulting stress
FIGURE 6 Combination of decreasing collagen organization and in-
creasing mineral content leads to a decrease in modulus followed by an
increase in modulus.Biophysical Journal 97(4) 976–985concentrations may contribute to subsequent re-injury
susceptibility, chronic pain, and disability (28). Surgical reat-
tachment of tendon to bone is challenging clinically, with
mixed outcomes. Rotator cuff tears, repaired by suturing
tendon to bone (40), present recurrent tears in up to 94% of
cases (35,40,41). Tendon-to-bone repairs to avulsions of the
hand’s flexor tendons have poor clinical outcomes (42).
Although success rates are higher in anterior cruciate liga-
ment reconstruction involving tendon grafts through bone
tunnels, grafts loosen frequently due to poor tendon-to-bone
healing (43). This interpretation motivates our ongoing
efforts to develop surgical intervention strategies that recreate
the natural functional grading of the tendon-to-bone insertion.
Our modeling results indicate that collagen-mineral inter-
actions and collagen fiber architecture at the micro scale are
dominant factors in determining the macroscale tensile
mechanical behavior of the tendon-to-bone insertion.
Increasing mineral content across the tendon-to-bone inser-
tion causes a stiffening of collagen fibers that becomes
significant for mineralization at volume fractions beyond
the morphology-dependent percolation threshold (Fig. 4).
Before reaching this threshold, the mechanical behavior of
the fiber is dominated by the compliance of the collagen.
When connectivity of mineral exists from one end of the
fiber to the other, force transferred through this mineral
becomes significant relative to that transferred through the
collagen, and so the modulus of the fiber increases overall.
Polarized light microscopy showed that collagen fiber align-
ment decreases across the tendon-to-bone insertion, reducing
tissue stiffness precipitously when the angular deviation
exceeds sz 2.5 (Fig. 5). Mechanically, the fiber orientation
distribution is the dominant factor determining the stiffness
of the tendon-most extremity of the tendon-to-bone inser-
tion. Thus, despite the presence of mineral, there exists
a region of transitional tissue that is more compliant than
either tendon or bone. However, beyond the position at
which the percolation threshold of mineralization is reached,
the tissue stiffness rises dramatically to approach that of bone
(Fig. 6).
The homogenization bounds investigated lend support to
the above results, despite uncertainty in the physiological
distribution of mineral along the tendon-to-bone insertion.
The dimensions chosen for regions of enhanced mineraliza-
tion in the simulations are the largest that could exist in fibers
within the tendon-to-bone insertion without being spatially
resolved by our Raman microprobe analyses in this optically
complex tissue. The models therefore provide a reasonable
bound on the greatest degree to which nonuniform minerali-
zation might affect mechanics of the tendon-to-bone inser-
tion. The numerical estimates followed theHashin-Shtrikman
lower bound at lowmineral concentration (Fig. 4), as has been
observed experimentally for many particulate-strengthened
materials (25). Thus, the Hashin-Shtrikman lower bound
provides a good estimate in this range not only for the diffuse,
uniform mineralization hypothesized for bone development
Functional Grading at the Insertion 983(14), but also for theminimummodulus values for any reason-
able spatial nonuniformity in mineralization. Simulations
followed the Hashin-Shtrikman upper bound at high mineral
concentration (Fig. 4). Note that because the Hashin-Shtrik-
man bounds apply only to a perfectly uniform distribution
of mineral apatite, stiffnesses outside of these bounds were
possible, especially at the lowest and highest mineral concen-
trations considered. Nevertheless, a model tendon-to-bone
insertion following even this extreme lower bound at low
mineral concentrations, when combinedwith fiber orientation
and mineral distribution data, predicts spatial stiffness varia-
tions like those reported (6,15,16).
Although the degree to which mineral stiffens collagen
fibers is uncertain, the elastic modulus of 30 GPa adopted
for the collagen/apatite composite in mineralized fibers was
consistent with reported measurements. Nano-indentation
studies of bone suggest elastic moduli values of at least
Emc ¼ 30 GPa for mineralized collagen fibers (44), below
the apatite elastic modulus of Ea ~ 110 GPa (13), but orders
of magnitude stiffer than collagen. Almer and Stock (45)
suggest slightly lower moduli, with Emc ~ 18–25 GPa, and
Eaz 40 GPa. Yoon and Cowin (46) find elastic moduli on
the order of 20 GPa for single osteons, suggesting still higher
stiffness values for mineralized collagen fibers. Recent
evidence suggests that when mineralized collagen fibers
from bone are loaded, the mineral particles stretch marginally
less than the collagen, as expected for a systemwith a concen-
tration of stiff mineral close to the percolation threshold (47).
Although collagen in fibers is certainly not linear in its
stress-strain behavior, a linear material model was used.
The justification is that mineral, nominally linear in its
response, is dominant in determining the stiffness of mineral-
ized fibers; the effect of nonlinearity of response in collagen
material is relatively small at the low and high mineral
concentrations of importance to the conclusions in this article
(Supporting Material, Section B). Including nonlinearity in
the simulations would shift the percolation threshold to a
marginally lower value of mineral content, as strain becomes
localized in isolated pockets of unmineralized collagen,
thereby stiffening this collagen. However, we defer deter-
mining the precise, small degree to which collagen nonline-
arity affects percolation until accurate data on the nonlinear
mechanical response of individual collagen fibers become
available.
Our model explains how mineralization and collagen fiber
distribution define stiffness across a continuous tendon-to-
bone insertion. Understanding why this gradation exists
will require a characterization of the effect of structural vari-
ations on the strength and toughness of tissue within the
insertion. Defining the failure criteria for partially mineral-
ized tissues along the insertion will require additional exper-
imental data, as will developing an understanding of how
toughness variations combine with the macroscopic structure
of the tendon-to-bone insertion to achieve effective load
transfer. We hypothesize that toughness will be greatest atpoints where stiffness is lowest, meaning that the compliant
region within the tendon-to-bone insertion may serve as an
energy absorbing band.
Our model has a number of limitations. First, our model
does not account for varying collagen types or the presence
of proteoglycans across the interface. Whereas the collagen
in tendon and bone is largely type I, the collagen at the inter-
face is a mix of type I and type II. There have been no
reports, however, indicating that there are differences in
the mechanical properties of these two collagen types. There-
fore, the effect of collagen type was not incorporated into our
model. It is possible that proteoglycan content at the inser-
tion contributes to the observed changes in tensile stiffness
across the insertion. These macromolecules play an impor-
tant role in providing articular cartilage with a high compres-
sive stiffness (48). Although their mechanical role at the
tendon-to-bone insertion is unknown, the contribution of
proteoglycans to tensile behavior is likely to be small
compared to their role in compressive behavior (48). Second,
our model accounts for mineralization by assuming that
regions of collagen fibers are mineralized rather than
modeling dispersed collagen fibers within a ground
substance with varying mineral content. This approach was
necessary due to the uncertainty of fiber-fiber and mineral-
fiber interactions. Finally, there may be differences between
the rat and the human with respect to insertion site structure
and function. Our study first models individual fibers and
then combines multiple fibers to model the insertion at the
tissue level. We do not expect that any cross-species differ-
ences exist at the fiber level. At the tissue level, the human
insertion is larger in volume that the rat insertion. However,
we expect that the stiffness will scale linearly with the
number of fibers in the cross-section of the tendon-to-bone
insertion difference in volume, so that conclusions in our
study are relevant to human tissue.
CONCLUSIONS
The body forms a functionally graded interface between
tendon and bone. The model for the tendon-to-bone insertion
that emerges from this work is one of a gradual and contin-
uous change in: 1), the orientation distribution of collagen
fibers; and 2), the relative concentration of the organic and
inorganic tissue constituents. Mineral volume fraction varies
approximately linearly across the tendon-to-bone insertion,
with no abrupt mineralization front apparent at the tidemark.
Comparison of our modeling results with literature-based
measurements of mechanical properties of mineralized tissue
indicates that features at the micrometer scale are important
factors explaining variations in the axial and shear moduli
of tissue within the tendon-to-bone insertion. This is the scale
of a number of microscope-based analytical techniques.
Models of randomly but inhomogeneously distributed miner-
alization account for gradational, but nonlinear changes in
mechanical properties across the tendon-to-bone insertion.Biophysical Journal 97(4) 976–985
984 Genin et al.Although addition of mineral to collagen increases the stiff-
ness of the latter, the greatest stiffening response does not
occur until the degree of mineralization has reached a value
that is recognized as the percolation threshold. At this level of
mineralization, the tissue acts as if the mineral were part of an
interconnected network.
The stiffness of tissue in the tendon-to-bone insertion is
likely controlled on the tendon end by collagen fiber align-
ment; reduction in fiber alignment here causes a reduction
in tissue stiffness. Farther along the insertion, beyond where
the mineral concentration reaches the percolation threshold,
mineralization likely dominates tissue stiffness.
These data are important for developing improved surgical
interventions that recreate the mechanics of the tendon-to-
bone insertion in healing. The remaining questions of why
the body forms this particular functional grading and
whether this grading is truly optimal remains open. The
answer to this question will undoubtedly be of value in
designing biomimetic bimaterial interfaces.
SUPPORTING MATERIAL
Additional text, equations, and figures are available at http://www.biophysj.
org/biophysj/supplemental/S0006-3495(09)01050-9.
This work was supported in part by the Center for Materials Innovation at
Washington University, and the National Institutes of Health (grants
EB004347 and HL079165).
REFERENCES
1. Bostrom, M. P. G., A. Boskey, J. K. Kauffman, and T. A. Einhorn.
2000. Form and function of bone. In Orthopaedic Basic Science, 2nd
ed. J. A. Buckwalter, T. A. Einhorn, and S. R. Simon, editors. American
Academy of Orthopaedic Surgeons, Rosemont, IL. 319–370.
2. Woo, S. L., K. An, C. B. Frank, G. A. Livesay, C. B. Ma, et al. 2000.
Anatomy, biology, and biomechanics of tendon and ligament. In Ortho-
paedic Basic Science, 2nd ed. J. A. Buckwalter, T. A. Einhorn, and
S. R. Simon, editors. American Academy of Orthopaedic Surgeons,
Rosemont, IL. 581–616.
3. Maganaris, C. N., and J. P. Paul. 1999. In vivo human tendon mechan-
ical properties. J. Physiol. 521:307–313.
4. Szabo, B. A., and I. Babuska. 1991. Finite Element Analysis. Wiley,
New York.
5. Benjamin, M., T. Kumai, S. Milz, B. M. Boszczyk, A. A. Boszczyk,
et al. 2002. The skeletal attachment of tendons–tendon ‘‘entheses’’.
Comp. Biochem. Physiol. A Mol. Integr. Physiol. 133:931–945.
6. Thomopoulos, S., G. R. Williams, J. A. Gimbel, M. Favata, and
L. J. Soslowsky. 2003. Variation of biomechanical, structural, and
compositional properties along the tendon to bone insertion site.
J. Orthop. Res. 21:413–419.
7. Waggett, A. D., J. R. Ralphs, A. P. Kwan, D. Woodnutt, and
M. Benjamin. 1998. Characterization of collagens and proteoglycans
at the insertion of the human Achilles tendon.Matrix Biol. 16:457–470.
8. Yang, L., K. O. van der Werf, C. F. Fitie, M. L. Bennink, P. J. Dijkstra,
et al. 2008. Mechanical properties of native and cross-linked type I
collagen fibrils. Biophys. J. 94:2204–2211.
9. Holmes, D. F., and K. E. Kadler. 2006. The 10þ4 microfibril struc-
ture of thin cartilage fibrils. Proc. Natl. Acad. Sci. USA. 103:17249–
17254.Biophysical Journal 97(4) 976–98510. Orgel, J. P., T. C. Irving, A. Miller, and T. J. Wess. 2006. Microfibrillar
structure of type I collagen in situ. Proc. Natl. Acad. Sci. USA.
103:9001–9005.
11. Visconti, C., K. Kavalkovich, J. Wu, and C. Niyibizi. 1996. Biochem-
ical analysis of collagens at the ligament-bone interface reveals presence
of cartilage-specific collagens. Arch. Biochem. Biophys. 328:135–142.
12. Fukuta, S., M. Oyama, K. Kavalkovich, F. H. Fu, and C. Niyibizi. 1998.
Identification of types II, IX and X collagens at the insertion site of the
bovine Achilles tendon. Matrix Biol. 17:65–73.
13. Weiner, S., W. Traub, and H. D. Wagner. 1999. Lamellar bone: struc-
ture-function relations. J. Struct. Biol. 126:241–255.
14. Glimcher, M. J. 2006. Bone: nature of the calcium phosphate crystals
and cellular, structural, and physical chemical mechanisms in their
formation. Rev. Mineral. Geochem. 64:223–282.
15. Villegas, D. F., J. A. Maes, S. D. Magee, and T. L. Donahue. 2007.
Failure properties and strain distribution analysis of meniscal attach-
ments. J. Biomech. 40:2655–2662.
16. Stouffer, D. C., D. L. Butler, and D. Hosny. 1985. The relationship
between crimp pattern and mechanical response of human patellar
tendon-bone units. J. Biomech. Eng. 107:158–165.
17. Birman, V., and L. W. Byrd. 2007. Modeling and analysis of function-
ally graded materials and structures. Appl. Mech. Rev. 60:195–216.
18. Rogers, K. D., and P. Zioupos. 1999. The bone tissue of the rostrum of
a Mesoplodon densirostris whale: a mammalian biomineral demon-
strating extreme texture. J. Mater. Sci. Lett. 18:651–654.
19. Currey, J. D. 2004. Tensile yield in compact bone is determined by
strain, post-yield behavior by mineral content. J. Biomech. 37:549–556.
20. Buehler, M. J. 2007. Molecular nanomechanics of nascent bone:
fibrillar toughening by mineralization. Nanotechnology. 18:295102.
21. Torquato, S. 1991. Random heterogeneous media: microstructure
and improved bounds on the effective properties. Appl. Mech. Rev.
44:37–76.
22. Akkus, O. 2005. Elastic deformation of mineralized collagen fibrils: an
equivalent inclusion based composite model. J. Biomech. Eng.
127:383–390.
23. Gajjeraman, S., K. Narayanan, J. Hao, C. Qin, and A. George. 2007.
Matrix macromolecules in hard tissues control the nucleation and hier-
archical assembly of hydroxyapatite. J. Biol. Chem. 282:1193–1204.
24. Hunter, G. K., P. V. Hauschka, A. R. Poole, L. C. Rosenberg, and
H. A. Goldberg. 1996. Nucleation and inhibition of hydroxyapatite
formation by mineralized tissue proteins. Biochem. J. 317:59–64.
25. Mori, T., and K. Tanaka. 1973. Average stress in matrix and average
elastic energy of materials with misfitting inclusions. Acta Metall.
21:571–574.
26. Milton, G. W. 2002. The Theory of Composites. Cambridge University
Press, Cambridge, UK.
27. Raub, C. B., J. Unruh, V. Suresh, T. Krasieva, T. Lindmo, et al. 2008.
Image correlation spectroscopy of multiphoton images correlates with
collagen mechanical properties. Biophys. J. 94:2361–2373.
28. Thomopoulos, S., J. P. Marquez, B. Weinberger, V. Birman, and G. M.
Genin. 2006. Collagen fiber orientation at the tendon to bone insertion
and its influence on stress concentrations. J. Biomech. 39:1842–1851.
29. Stabile, K. J., J. Pfaeffle, J. A. Weiss, K. Fischer, and M. M. Tomaino.
2004. Bi-directional mechanical properties of the human forearm inter-
osseous ligament. J. Orthop. Res. 22:607–612.
30. Lynch, H. A., W. Johannessen, J. P. Wu, A. Jawa, and D. M. Elliott.
2003. Effect of fiber orientation and strain rate on the nonlinear uniaxial
tensile material properties of tendon. J. Biomech. Eng. 125:726–731.
31. Hashin, Z., and S. Shtrikman. 1963. A variational approach to the theory
of the elastic behavior of multiphase materials. J. Mech. Phys. Solids.
11:127–140.
32. Marquez, J. P., G. M. Genin, G. I. Zahalak, and E. L. Elson. 2005.
The relationship between cell and tissue strain in three-dimensional
bio-artificial tissues. Biophys. J. 88:778–789.
Functional Grading at the Insertion 98533. Wopenka, B., A. Kent, J. D. Pasteris, Y. Yoon, and S. Thomopoulos.
2008. The tendon-to-bone transition of the rotator cuff: a preliminary
Raman spectroscopic study documenting the gradual mineralization
across the insertion in rat tissue samples. Appl. Spectrosc. 62:1285–
1294.
34. Soslowsky, L. J., J. E. Carpenter, C. M. DeBano, I. Banerji, and
M. R. Moalli. 1996. Development and use of an animal model for inves-
tigations on rotator cuff disease. J. Shoulder Elbow Surg. 5:383–392.
35. Harryman, 2nd, D. T., L. A. Mack, K. Y. Wang, S. E. Jackins,
M. L. Richardson, et al. 1991. Repairs of the rotator cuff. Correlation
of functional results with integrity of the cuff. J. Bone Joint Surg.
73:982–989.
36. Lucchinetti, E. 2001. Composite models of bone properties. In Bone
Mechanics Handbook., 2nd ed. S. C. Cowin, editor. CRC Press, Boca
Raton, FL 12.11–13.15.
37. Karlon, W. J., P. P. Hsu, S. Li, S. Chien, A. D. McCulloch, et al. 1999.
Measurement of orientation and distribution of cellular alignment and
cytoskeletal organization. Ann. Biomed. Eng. 27:712–720.
38. Suresh, S., and E. Mortensen. 1998. Fundamentals of Functionally
Graded Materials. IOM Communications, London, UK.
39. Thomopoulos, S., G. R. Williams, and L. J. Soslowsky. 2003. Tendon
to bone healing: differences in biomechanical, structural, and composi-
tional properties due to a range of activity levels. J. Biomech. Eng.
125:106–113.
40. Naranja, R. J., J. P. Iannotti, and G. M. Gartsman. 1994. Complications
in rotator cuff surgery. In Orthopaedic Knowledge Update: Shoulderand Elbow. T. R. Norris, editor. American Academy of Orthopedic
Surgeons, Rosemont, IL. 157–166.
41. Galatz, L. M., C. M. Ball, S. A. Teefey, W. D. Middleton, and
K. Yamaguchi. 2004. The outcome and repair integrity of completely
arthroscopically repaired large and massive rotator cuff tears. J. Bone
Joint Surg. Am. 86-A:219–224.
42. Leddy, J. P., and J. W. Packer. 1977. Avulsion of the profundus tendon
insertion in athletes. J. Hand Surg. [Am.]. 2:66–69.
43. Fu, F. H., C. H. Bennett, C. Lattermann, and C. B. Ma. 1999. Current
trends in anterior cruciate ligament reconstruction. Part I: biology and
biomechanics of reconstruction. Am. J. Sports Med. 27:821–830.
44. Tai, K., M. Dao, S. Suresh, A. Palazoglu, and C. Ortiz. 2007. Nanoscale
heterogeneity promotes energy dissipation in bone. Nat. Mater. 6:454–
462.
45. Almer, J. D., and S. R. Stock. 2007. Micromechanical response of
mineral and collagen phases in bone. J. Struct. Biol. 157:365–370.
46. Yoon, Y. J., and S. C. Cowin. 2008. An estimate of anisotropic poroe-
lastic constants of an osteon. Biomech. Model. Mechanobiol. 7:13–26.
47. Gupta, H. S., J. Seto, W. Wagermaier, P. Zaslansky, P. Boesecke, et al.
2006. Cooperative deformation of mineral and collagen in bone at the
nanoscale. Proc. Natl. Acad. Sci. USA. 103:17741–17746.
48. Mow, V. C., and A. Ratcliffe. 1997. Structure and function of articular
cartilage and meniscus. In Basic Orthopaedic Biomechanics. V. C. Mow
and W. C. Hayes, editors. Lippincott-Raven, Philadelphia, PA 113–177.Biophysical Journal 97(4) 976–985
